A streptomycin-sensitive strain and six streptomycin-resistant mutants of pneumococcus have been studied. These strains differed in resistance to streptomycin over a 5000-fold range, and the resistance mutations occurred at recombinationally distinct sites of a single genetic locus (the str locus). The effects of streptomycin on cell-free amino acid incorporating systems prepared from each of the strains were studied. Both polyuridylic acid (poly U)-and endogenous mRNA-directed systems were employed. As in Escherichia coli, sensitivity to streptomycin was found to reside in the ribosomal fraction of the amino acid incorporating system.
A streptomycin-sensitive strain and six streptomycin-resistant mutants of pneumococcus have been studied. These strains differed in resistance to streptomycin over a 5000-fold range, and the resistance mutations occurred at recombinationally distinct sites of a single genetic locus (the str locus). The effects of streptomycin on cell-free amino acid incorporating systems prepared from each of the strains were studied. Both polyuridylic acid (poly U)-and endogenous mRNA-directed systems were employed. As in Escherichia coli, sensitivity to streptomycin was found to reside in the ribosomal fraction of the amino acid incorporating system.
Streptomycin caused both inhibition of l4CC-phenylalanine incorporation and stimulation of 3H-isoleucine incorporation in poly U-directed experiments. The resistance of the amino acid incorporating systems to these effects of streptomycin paralleled the streptomycin resistance of the strain from which the system was derived. In endogenous mRNA-directed systems the incorporation of 14C-valine and 3H-isoleucine was followed simultaneously. Streptomycin caused an inhibition of valine incorporation and a lesser inhibition of isoleucine incorporation. At a higher magnesium concentration streptomycin caused a stimulation of isoleucine incorporation while still inhibiting valine incorporation. The disparate behaviour of isoleucine and valine incorporation in the presence of streptomycin may be due to streptomycin-induced misreading of endogenous mRNA. As in the poly U-directed experiments, the magnitude of the effects of streptomycin on endogenous mRNA directed amino acid incorporation correlated in an inverse fashion with the resistance of the strain from which the system was prepared.
These results lead us to conclude that the ribosome is the primary target for streptomycin in pneumococcus. We propose that the affinity of the ribosome for streptomycin at a critical site or sites determines the level of resistance of the bacterium, and that this affinity is affected by mutations in the str locus.
I N T R O D U C T I O N
In Escherichia coli mutations to streptomycin (SM) resistance and dependence are closely linked (Newcombe & Nyholm, 1950) . Rotheim & Ravin (1961 and Mishra & Ravin (1966) showed that this is true as well in pneumococcus. By means of transformation analysis a large number of streptomycin resistance mutations was mapped in this organism. Although these mutations varied greatly in phenotype, raising the level of resistance of the pneumococcus by as little as tenfold to as much as several thousand fold, they were all found to occupy sites within a single genetic 27-2 locus. Mutations conferring relatively low levels of resistance were usually interrecombinable, while mutations conferring high levels of resistance replaced the lowlevel resistance mutations rather than combining with them.
Several workers (Flaks, Cox, Witting & White, 1962; Speyer, Lengyel & Basilio, 1962; Davies, 1964; van Knippenberg et aE. 1965) have shown that a mutation to streptomycin resistance in Escherichia coli is associated with an alteration in the ribosomes, so that ribosomes isolated from resistant cells are comparatively resistant to the stimulatory, inhibitory, and misreading effects of streptomycin in vitro. Streptomycin resistance in E. coli is not always associated, however, with resistant ribosomes. Rosenkranz (1964) has described a streptomycin-resistant E. coli strain in which the resistance was due to the presence of a multiple-drug-resistance episome. In this case the cell apparently became impermeable to, or destroyed the antibiotic while the ribosomes remained sensitive.
The purpose of the present investigation was to determine whether the ribosomes of the previously mapped pneumococcal mutants were resistant to streptomycin, and if they were to compare the level of resistance of the ribosomes to the level of resistance of the cells from which the ribosomes had been isolated. Ribosomal resistance was studied in vitro by determining the levels of streptomycin which were necessary to cause inhibition of amino acid incorporation and misreading in cell-free systems prepared from each of the mutants. Both poly U-and endogenous mRNA-directed cell-free systems were studied. Strains. The strains used and the maximum amounts of streptomycin which they can withstand in vivo without significant loss of colony-forming ability are as follows : SIII-I (sensitive, about 2 ,ug./ml.); str-r 42 (30 ,ug./ml.); str-r 3 (150 ,ug./ml.); str-r 48 (150 ,ug./ml.); str-r 2 (300 ,ug./ml.); str-r I (5000 ,ug./ml.); and str-r 51 (between I 0,000 and I 5,000 ,ug./ml.). Streptomycin kills at concentrations exceeding those listed for the respective strains, the rate of killing being dependent upon the concentration of antibiotic. The origins and genetic relationships among these strains have previously been reported (Rotheim & Ravin, 1961 ; the most recent genetic map is contained in Mishra & Ravin (1966) .
Growth of organisms. The media and procedure for growing pneumococcus have previously been described (Ephrussi-Taylor, 1951 ; Rotheim & Ravin, 1961) . The cocci were harvested after 75 ml. of N-NaOH (necessary for the neutralization of the acid produced by the growing cells) had been added to a 3 1. volume of a growing culture. At this point the cell density, determined by viability count, was about I The same components were present when poly U was the messenger except that the cold amino acid mixture was omitted and the labelled amino acids present were 14C-~~-phenylalanine (5 pc/pmole) and 3H-~-isoleucine ( IOO pc/pmole). 300 ,ug./ml. of Escherichia coli B sRNA (stripped) was added as a supplement. Poly U was present at a concentration of 20 pg./ml. All assays were performed in duplicate or triplicate.
Poly U-directed phenylalanine incorporation did not occur at 37", but took place when the incubation temperature was lowered to 27'. Our investigations of this temperature effect show that a component of the pneumococcal ribosome can destroy poly U at 37' but not at 27'. Because of this effect, poly U-directed reactions were incubated for 2 hr at 27O, at which time they were virtually completed. Amino acid incorporation directed by endogenous mRNA was found to take place at either 27O or 37", and since only the rate of incorporation is affected by temperature, the reactions were incubated at the higher temperature. The reactions were completed in 45 min. Experiments were terminated by adding 0.5 ml. of 10% trichloroacetic acid. The protein precipitates were digested at 90-rooo for 15 min., filtered on to discs of Whatman 542 filter paper, and washed with 4 % trichloroacetic acid containing the appropriate cold amino acids at I yo concentration to reduce the adsorption of the labelled amino acids. The filter discs were counted in a Nuclear Chicago thin-window gas-flow counter, or when it was necessary to count 3H and 14C simultaneously, they were counted in a Packard Tri-Carb Liquid Scintillation Spectrometer. In the latter case NCS Reagent (Nuclear Chicago, Des Plaines, Ill.) (Hansen & Bush, 1967 ) was used to dissolve the protein precipitates in a toluene-based scintillation fluid. The efficiency of gas-flow counting for 14C was about 25%. The efficiency of scintillation counting was I I yo for 3H and 50 yo for 14C. No quenching correction was necessary since the protein precipitates themselves did not quench and NCS Reagent, which did quench, was present in the same concentration in samples and standards.
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Efect of magnesium ion concentration on poly U-directed phenylalanine and isoleucine
Many workers have shown in the Escherichia coli system that the concentration of magnesium ion exercises an important influence on the kind and amount of amino acid incorporation (Davies, Gilbert & Gorini, 1964; So, Bodley & Davie, 1964; Szer & Ochoa, 1964; van Knippenberg et al. 1965 ). Therefore we studied the effect of magnesium concentration on amino acid incorporation into the endogenous mRNAand poly U-directed cell-free system from SIII-I, the sensitive strain. Figure I shows the incorporation of 14C-phenylalanine and 3H-isoleucine directed by poly U as a function of the magnesium concentration. The experiment was done both in the absence and in the presence of 1-0 x I O -~ M-streptomycin. It is evident that in pneumococcus as in Escherichia coli ) streptomycin causes an inhibition of phenylalanine incorporation and a stimulation of isoleucine incorporation. The former appears to be maximal at 11 mmmagnesium, while the latter is greatest at 16-21 mwmagnesium. The explanation commonly given for the isoleucine incorporation, which occurs in the presence of streptomycin despite the fact that only the triplet UUU coding for phenylalanine is present, is that streptomycin causes misreading: in its presence the triplet UUU is sometimes read as AUU, which is a codon for isoleucine (Davies, Gorini & Davis, 1965) . In this experiment no isoleucine was incorporated in the absence of streptomycin. In later experiments variable results were obtained so that sometimes a small incorporation of isoleucine was noted even though no antibiotic was present. Davies et al. (1964) have reported similar results with the E. coli system. Figure 2 shows the incorporation of 14C-valine and 3H-isoleucine directed by endogenous mRNA as a function of magnesium concentration. About three times as much valine as isoleucine was incorporated at I o mwmagnesium ion concentration in the absence of streptomycin. When 1.0 x I O -~ M-streptomycin was added, the incorporation of both amino acids was inhibited, but not to the same extent, the incorporation of valine being more greatly suppressed than that of isoleucine. In fact, at magnesium concentrations greater than 14 mM streptomycin caused an actual stimulation of isoleucine incorporation.
in corporation Efect of magnesium ion concentration on amino acid incorporation directed by endo-
The magnesium concentration dictated, therefore, whether the incorporation of isoleucine in the endogenous system would be stimulated by streptomycin or partially inhibited, but at all magnesium concentrations the addition of streptomycin resulted in an increase in the ratio of isoleucine to valine incorporated. The increase did not occur, however, if the cell-free system was derived from a highly resistant strain (see Fig. 7A, B) . In a cell-free system derived from a sensitive strain the ratio of isoleucine to valine incorporated was usually about 0.5 and rose to 1.0 or more in the presence of streptomycin. The ratio was not significantly influenced by the time of incubation (Fig. 3) None poly-U-directed systems, but did not cause the phenylalanine-isoleucine ambiguity (Table I ). The increase in the isoleucine-to-valine ratio appeared therefore to be streptomycin-specific.
Demonstration of ribosomal basis of streptomycin resistance
In order to determine whether the mutants in our possession, like streptomycinresistant Escherichia coli cells and the streptomycin-resistant pneumococcal mutant reported by Sawada & Suzuki (I 964), have acquired streptomycin-resistant ribosomes, a cross experiment was performed using cell-free extracts from the sensitive SZII-I and resistant s t r -r~~ strains. The s t r -r~~ strain was chosen because the str-ug~ mutation genetically replaces (i.e. is allelic with) all of the other str-r mutations used in this study, and hence any finding concerning the biochemical locus affected by the str-r51 mutation would be applicable to the other mutations as well. Figure 4 shows that the incorporation of 14C-valine directed by endogenous mRNA is inhibited by strepto- The effect of SM on the poly U-directed incorporation of 14C-phenylalanine and SH-isoleucine into S-30 pre. from a sensitive and four SM-resistant strains of pneumococcus : A and B, incorporation of 14C-phenylalanine at I I mM and 16 mM-Mg2+; C and D, incorporation of 3H-isoleucine at I I m~ and 1 6 m~-M g~+ . The maximal incorporation of 14C-phenylalanine at I I mM-Mg2+ varied from 2000 to 760 ,upmole/mg., depending on the preparation used. At 16 mM-Mg2+ the maximum incorporation of phenylalanine varied from I 860 to 760 ,upmole/mg. mycin only when sensitive ribosomes from SIII-I are present in the incubation mixture. The source of the supernatant has no influence on the results.
Parallelism of in vivo bacterial resistance and in vitro resistance of ribosomes
It being ascertained that resistant ribosomes were associated with mutations to resistance in vivo, further experiments were performed using mutants making up a spectrum of resistance varying from 30 ,ug./ml. to slightly over 10,000 ,ug./ml. of streptomycin. The question to be answered was whether the resistance of the ribosomes of the different mutants to the inhibitory and misreading actions of streptomycin in vitro paralleled the in vivo levels of resistance of the organisms. Both endogenous mRNA-and poly U-directed systems were studied, and experiments were performed at each of two magnesium concentrations, I I mM and 16 mM, which are near optimal for streptomycin-induced inhibition and misreading respectively. Figure 5 shows the poly U-directed incorporation of phenylalanine and isoleucine into preincubated S-30 (S-30 pre.) prepared from five of the seven pneumococcal strains which are listed in the Methods section. No data are shown for the other two strains, str-r48 and str-ra. It was found that the ribosomes of str-rq8 could not be distinguished from those of str-r3. Both mutants have the same in vivo streptomycin resistance. Although the amino acid incorporating system from str-1-2 was clearly more resistant to streptomycin than that obtained from the sensitive strain, repeated preparations failed to give as active a system as that obtained from all of the other strains we have studied. We suspect that there may be something unusual about the ribosomes of this mutant. Perhaps they are more fragile than those of the other mutants.
At 11 mwmagnesium in poly U-directed systems there was a good correlation between the in vivo resistance of the mutant which supplied the ribosomes and the level of resistance of the ribosomes themselves to the inhibition of phenylalanine incorporation by streptomycin (Fig. 5A) . SIII-I, str-t-42, and str-r3 could be distinguished from one another and from str-rr and str-r51. The latter two strains could not, however, be distinguished from one another. These two strains are closer to each other in in vivo level of resistance than are the others.
At 1 1 mM magnesium there was no obvious correlation between the quantities of isoleucine incorporated because of misreading and the levels of resistance of the mutants (Fig. 5 C) . In these experiments there was sometimes isoleucine incorporation at a low level in the absence of streptomycin.
When the magnesium ion concentration was raised to 16 mM (Fig. 5B,D) the differences among the ribosomes became less distinguishable as far as resistance to streptomycin-caused inhibition of phenylalanine incorporation was concerned, but at the higher magnesium concentration a correlation could be seen between the level of streptomycin needed to stimulate isoleucine incorporation and the level of resistance of the strain from which the ribosomes were taken.
In summary, in poly U-directed systems, at a magnesium concentration favouring inhibition of amino acid incorporation, ribosomal resistance to such inhibition correlated well with the in vivo resistance of the strains. Similarly, at a magnesium concentration favouring misreading (isoleucine incorporation), ribosomal resistance to such misreading was again well correlated with the in vivo levels of resistance.
The findings with endogenous mRNA directed systems at I I and I 6 mwmagnesium were in many ways similar to those obtained with the poly U system. 
Streptomycin concentration (moles/l.) Fig. 6 . The effect of SM on the endogenous mRNA-directed incorporation of 14C-valine and 3H-isoleucine into S-30 from a sensitive and three SM-resistant strains of pneumococcus : A and B, incorporation of 14C-valine at I I mM and 16 mM-Mg2+; C and D, incorporation of 3H-isoleucine at 1 1 mM and 16 mM-Mg2+. The maximal incorporation of l*C-valine at 1 I mM-Mg2+ varied from 280 to 120 ppmoles~mg., depending on the preparation used. At 16 mM-Mg2+ the maximum incorporation of valine varied from 160 to 85 ppmole/mg. these results. The same strains were studied as in the poly U experiments except that s t r -r j~ was not included because it was not expected that it could be distinguished in any way from str-rI. As in the poly U experiments, a correlation was observed between the in vivo resistance of the pneumococcal mutants and the level of resistance of their ribosomes to the inhibitory action of streptomycin on 14C-valine incorporation. In the endogenous system this correlation was found at both I I mM (Fig. 6A ) and 16 mmmagnesium (Fig. 6B) , but the inhibitory action of the antibiotic was less at the higher magnesium concentration. Table 2 shows a detailed comparison between the in vitro resistances of the mutant ribosomes to streptomycin-caused inhibition of valine incorporation at I I mM magnesium and the in vivo resistance of the organisms which supplied the ribosomes. The streptomycin concentration at which half of the maximal inhibition of valine incorporation was achieved was taken as a measure of the in vitro resistance of the ribosomes. It can be seen that between 10 and IOO times as much streptomycin was needed to prevent a cell from forming a colony as to inhibit amino acid incorporation in a cell-free system derived from the cell. Unlike poly U, endogenous mRNA can be expected to code naturally for isoleucine. Indeed, the incorporation of isoleucine at 11 mwmagnesium could be inhibited by streptomycin in much the same fashion as valine in the endogenous system (Fig. 6C) . However, the incorporation of isoleucine was not inhibitable to quite the same extent as valine, as noted earlier. This can be seen from Fig. 7 A and B ; here the isoleucine-valine ratio is plotted v. streptomycin concentration for the four pneumococcal strains. It is the increase of this ratio with increasing streptomycin concentration which indicates that misreading may be occurring in the translation of the endogenous messenger. The amount of ratio increase which can be caused by the addition of streptomycin is inversely proportional to the in vivo resistance of the strain from which the cell-free system was derived.
At I 6 mmmagnesium streptomycin causes an actual stimulation of isoleucine incorporation in all strains (Fig. 6D ). In the case of the highly resistant mutant str-rI it is to be noted however, that the stimulation of isoleucine incorporation is accompanied by an equivalent stimulation of valine incorporation (Fig. 6B) . Thus the isoleucine-valine ratio remains constant in str-rr with increasing streptomycin concentration (Fig. 7 B) . A similar stimulatory effect at low streptomycin concentrations on the incorporation of phenylalanine was observed consistently in poly U-directed experiments employing the str-r3 cell-free preparation. We do not know the significance of this effect.
D I S C U S S I O N
The discovery by Gorini & Kataja (1964) of Escherichia coZi mutants which have a genetic defect suppressible by streptomycin provided the first evidence that the antibiotic can cause the misreading of mRNA. Such misreading has clearly been shown to occur in artificial polynucleotide-directed cell-free systems (Davies et al. I 964; Davies, Jones & Khorana, 1966) . Schwartz (1965) has reported that streptomycin causes misreading of the asparagine codon when the RNA of f2 bacteriophage is employed as a messenger in an E. coli cell-free system. No evidence has appeared, however, which documents the misreading of endogenous mRNA in vitro under the influence of streptomycin. In this regard, our finding that streptomycin causes an increase in the ratio of isoleucine to valine incorporated into cell-free systems prepared from sensitive and low-resistance strains is of interest. The increase in the ratio can be interpreted as the result of the streptomycin-induced misreading of endogenous mRNA. There are two lines of evidence to support this idea. In the first place, the antibiotics erythromycin and chlortetracycline, which inhibit amino acid incorporation without causing misreading of poly U, do not bring about any alteration in the ratio of isoleucine to valine incorporated under the direction of endogenous mRNA. Secondly, the isoleucine-valine ratio in endogenous mRNA-directed experiments behaves much like the isoleucine-phenylalanine ratio in poly U-directed experiments. In both cases streptomycin causes an increase in isoleucine incorporation relative to that of valine or phenylalanine, and the concentration of streptomycin needed to cause the increase is greater, the greater the resistance of the strain from which the amino acid incorporating system was prepared. In the poly U-directed system the streptomycin-induced increase in isoleucine incorporation can be clearly attributed to the misreading of UUU triplets. While it is not possible to determine which codons are being read in endogenous mRNA, one expects that streptomycin would change the relative amounts of some of the amino acids incorporated in a system directed by endogenous messenger. Interpreted in this light, therefore, the increase in the isoleucine-valine ratio which we observe in the presence of streptomycin could be the result of misreading of the endogenous messenger. In considering other possible explanations for the ratio increase, the possibility was entertained that a fraction of the isoleucine incorporation was due to the activity of a soluble amino acid incorporating system like that reported by Kaji, Kaji & Novelli (1965) and that it was resistant to inhibition by streptomycin. This possibility was discarded, however, when we were unable to find evidence that such a system was contributing to the isoleucine incorporation in our experiments. Spotts & Stanier (1961) were the first to propose that the ribosome is the primary site of the action of streptomycin. The evidence for this was, and still is, chiefly genetic: mutations to streptomycin resistance or dependence are allelic and result in demonstrable changes in the ribosome. According to the Spotts & Stanier hypothesis, the development of resistance to streptomycin is explained by the loss of affinity of the ribosomes in the resistant cells for the streptomycin molecule. Our results support the above ideas. Since genetic mapping of the str locus in pneumococcus has shown that mutations to different levels of streptomycin resistance in this organism arise within a single locus, and since the ribosomes are demonstrably changed when such mutations occur, it seems clear that the str locus of pneumococcus must carry the information for the synthesis of a ribosomal component. Whether this component is RNA or protein is not known with certainty. However, Leboy, Cox & Flaks (1964) have reported that the locus governing the synthesis of a certain ribosomal protein in Escherichia ColiK 12 maps close to or is identical with the streptomycin locus. Their finding offers some support for the idea that the ribosomal component involved in streptomycin resistance is a protein.
Our experiments show, moreover, that there is a good correspondence between the in vivo resistance of ribosomes to streptomycin-caused inhibition and misreading and the in vivo resistance of the pneumococcal cells from which the ribosomes were derived. The widely different levels of resistance which occur in our strains can be explained by the idea that mutation-caused changes in the ribosome result in changes in the magnitude of the constant for ribosome-to-streptomycin binding. This idea implies that it is ribosomally bound streptomycin which causes interference with cell multiplication and cell death. Just how ribosomally bound streptomycin kills the cell is not clear. The exciting discovery of Gorini & Kataja (1964) and of Davies et al. (1964) that streptomycin causes misreading of mRNA in vivo and in vitro led for a time to the idea that streptomycin kills the cell by causing the formation of nonfunctional proteins. Later work (Freda & Cohen, 1966a, b ; Stern, Barner & Cohen, 1966) has indicated that the misreading effect of streptomycin alone may not be able to account for cell death. The present state of knowledge about misreading has been reviewed by Gorini (1967) .
